Abstract. Firstly, this paper briefly describes the origin of the electromagnetic linear actuator which research status and development are summarised. Secondly, it describes the principle, the characteristics of the moving-coil linear motor and the Moving-magnet linear motor. Thirdly, it analyses and summarizes the key technologies of the electromagnetic linear actuator. One key problem is the matching between electromagnetic force and the load. The other is the influence mechanism of the thermal load on dynamic characteristics. This paper can provide some reference.
Introduction
With the decreasing of energy sources and aggravating of worldwide environment, energy-saving and emission reduction have become two themes of social development in the 21st century [1] . As a new executive body, the electromagnetic linear actuator which combines drive and transmission has many advantages, such as short transmission chain, mechanical simplicity, low friction, small vibration, low noise and high efficiency [2] [3] [4] [5] . It meets the technical requirement of mechanical drive , transmission parts and unit in China's national policy for medium and long-term scientific development (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) (2016) (2017) (2018) (2019) (2020) [7] . With the ever-growing demands of energy saving and emission reduction, electromagnetic linear actuator is attracting more and more attention [6] [7] [8] . Now it has been used in many technical fields and industries such as high-grade numerically-controlled machine, special processing machine tool, robot, free piston engine, linear compressor and so on [8, [11] [12] [13] [14] [15] .
2 Origin and development of the electromagnetic linear actuator
Origin of the electromagnetic linear actuator
The prototype of the electromagnetic linear actuator were developed by Wheatstone in 1840 [16, 17] , which were almost the same time with the electric rotating machinery. Fig. 1 shows the process of rotary into linear mot [18] . Although it didn't succeed at that time, it brought a new conception for successors in the future. 
Development of the electromagnetic linear actuator
Since 1840, the electromagnetic linear actuator has experienced three periods which are experiment exploration, application development and commercialization respectively [16] . Especially since the 1990's, the electromagnetic linear actuator has been used more and more widely. The electromagnetic linear actuator can be put into two categories: moving-coil linear motor (the coil moves) and moving-magnet linear motor (the permanent magnet moves). Fig.2 shows the two linear motors. a) Moving-coil linear motor [19] b) Moving-magnet linear motor [20] Figur e 2. Two linear motors
The major differences of the moving-coil linear motor and the moving-magnet linear motor are shown in Table 1 . 
Key problems of the electromagnetic linear actuator
The electromagnetic linear actuator is mainly used for short-stroke and high-frequency linear reciprocating motion, as a result of that kinetic characteristic of short-range and high-frequency can be obtained through control the current of the coil [17] . As the executing structure, the movement of the electromagnetic linear actuator is in the non-steady state of acceleration, deceleration and reversal. So there are two key problems to be solved which are the matching between electromagnetic force and the load, the influence mechanism of the thermal load on dynamic characteristics.
Coupling law between electromagnetic force and load characteristics
Due to short motion chain, there is no conversion unit, transferring and buffering effect. Load unit directly effects on the moving parts. It is very important that the coupling law between electromagnetic force and load characteristics on the energy conversion, transmission and motion control. So seeking the coupling law between electromagnetic force and load characteristics has been one of the key problems to be solved The coupling of the electromagnetic field, the electric field and field force of the mechanical movement is the main problem. In addition to the equations which describe the electrical circuit control and the movement of the mechanism can be embedded in the finite element methods, there is another problem to be solved.
Well-controlled electromagnetic force is one of the basic conditions for the coupling of electromagnetic linear actuator with external load. In the past several years, worldwide scholars have studied the solenoid structure of the electromagnetic linear actuator which can achieve precise control widely and deeply. Among all the solenoid structures, permanent magnet synchronous linear motor is proposed early [21] . Due to its inherent slot effect and end effect, there is thrust fluctuation which will affect its controlled characteristics. One significant advantage of the moving-coil electromagnetic linear motor is that the electromagnetic force is better linear with the electric current, so it is convenient for decoupling precise control [22] . As a result it is mainly used for small and mediumsized thrust occasions. But for the high thrust occasion, the moving-magnet linear motor is proposed [23] . However, the system natural frequency will be affected by the inherent characteristics of the magnetic spring, which make the electromagnetic system and the mechanical system have strong coupling characteristics [24] .
Influence mechanism of the thermal load on dynamic characteristics
The thermal load is the heat loss incurred during the electromagnetic linear actuator process. There is no defined standard to definitite the loss form of the electromagnetic linear actuator which is shown as Fig. 3 [25] . Although the kinetic equations can be established through mechanic analysis and the governing equation of electromagnetic force can be inversely solved, the reverse of the electromagnetic linear actuator is very difficult to control. Because of short-stroke and highfrequency, the control of electromagnetic force can't meet the high requirement of real-time and high accuracy, as a result of which the system kinematics will be seriously damaged, especially the reverse will be advanced or delayed on account of large inertia force. In order to have a stable travel control and frequency control system with lower energy consume, some research is around the coupling of the electromagnetic force and the system dynamics parameters from the perspective of mechanical vibration. Based on the mathematical model of moving magnet linear compressor, the system natural frequency is gotten by Xie through equivalent the compressed gas to a certain damping and stiffness [26] . Kim et al. studied the relatio between the inherent frequency and the coefficiency of performance [27] . Thus it can be seen that the system works in a state of resonance by making the load equivalent to certain kinetic parameter from the perspective of single free degree vibration. The inherent frequency can be gotten and the electromagnetic force frquency can be ajusted which are consistent with the inherent frequency. But the adaptability of the electromagmetic linear actuator is poor, and the resonance can only work under constant load. Once the load change is uncertain, its equaverlent parameters are varialbe and unpredictable [26] .
The heat loss in the course of electromagnetic linear actuator working includes the copper loss caused by the electric current loading method and the core loss caused by magnetic field change. The unsteady motion state results that the electric current loading method and the magnetic field are all high-frequency alternately which will generate a large amount of core loss and temperature rise sharply due to large amount of thermal load affect the electromagnetic properties. Due to high residual magnetic flux density, high magnetic energy product and linear demagnetization curve, the NsFeB material is widely used in modern permanent magnet motor. However, the material is of high temperature coefficient, poor magnetic thermal stability even demagnetized after a certain temperature, so the magnetic properties decreases dramatically [29, 30] . At the same time, excess temperature is the main cause of deterioration of the electromagnetic linear actuator performance, which will further affect the dynamic characteristic of the electromagnetic linear actuator.
Development trend of the electromagnetic linear actuator
Much progress in electromagnetic linear actuator is expected in coming years. And the development trend of electromagnetic linear actuator can be summarized in three aspects. One development trend is the application more and more widely. It has been used in many areas such as aerospace, processing plants and internal combustion engine [31] . The proposed electromagnetic linear actuator is expected to be one of the solutions for safe or high performance [32] . The second trend is high-speed and highprecision. High speed and high precision are always goals of motion control [33] . Precision positioning and control are hey technologies at high-speed. The third trend is high-thrust and highcapacity.
Conclusions
1) With the advantages of short transmission chain, mechanical simplicity, low friction, small vibration, low noise and high efficiency, the electromagnetic linear actuator has been one development trend of the executive body.
2) On the basis of analysis the features of the electromagnetic linear actuator, the paper sums up that there are two key problems to be solved. One key problem is the matching between electromagnetic force and the load. The other is the influence mechanism of the thermal load on dynamic characteristics.
